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A method to grow carbon microtubules with fullerene structure (buckytubes) has been 
identified. The method consists of the catalytic decomposition of acetylene over iron particles at 
700 °C Carbon microtubules of up to 50 fim in length are synthesized by this method. Electron 
diffraction and high resolution electron microscopy studies demonstrate that the structure of 
these microtubules corresponds to the helical structure recently reported by S. Iijima, Nature 
354, 56(1991), prepared using an arc-discharge evaporation method. 



The recent discovery of experimental methods to pro- 
duce Co/ 1 ' and higher fullerenes 2 has generated a great 
deal of research in both academic and industrial laborato- 
ries. Particularly interesting was the report of Iijinia (3) on 
the growth of carbon materials with a filamentlike struc- 
ture, prepared using an arc-discharge evaporation method 
Iijima used electron diffraction and high resolution elec- 
tron microscopy to characterize these filaments, and found 
that they consist of coaxial tubes of graphitic sheets. He 
proposed that each individual tube is formed by rolling up 
the graphite sheets about the filament axis in such a way 
that a helical pitch is formed. These tubular versions of 
fullerenes, buckytubes, are of great interest because of their 
potential applications, including the production of vastly 
superior fiber carbons. In addition, one may also speculate 
that if these microtubules could be grown uniformly, one 
might use them as molecular sieves or as hosts of other 
chemical species, possibly enabling the design of catalysts 
with well-define structure. 

In the present work we report the growth of carbon 
microtubules using catalytic methods. The formation of 
carbon filaments from the catalytic decomposition of 
carbon-containing gas over metal surfaces has been known 
for some time, 4 "" 8 and has been recently studied in detail by 
Baker and co-workers. 9 ' 10 However, it was not recognized 
that these methods could be used to growth buckytubes. 
Our method in this particular study consists in the cata- 
lytic decomposition of acetylene over iron particles sup- 
ported on graphite. Free carbon produced from the decom- 
position of acetylene aggregates around the metal particles 
and starts to grow in a needlelike structure. 

The 2.5 wt % Fe/graphite samples used in this study 
were prepared by impregnating graphite (Johnson Mat- 
they Elect., 99.5%) with a 40 vol % ethanol/60 vol % 
water solution of iron (in) oxalate. The resulting samples 
were heated in a quartz reactor to 250 *C for 2 h in flowing 
nitrogen (150 cc/min), followed by a reduction at 350 *C 
in flowing 10% H 2 /N 2 for 5 h to reduce Fe^ to metallic 
iron. The carbon microtubules were grown by treating the 
Fe/graphite samples at 700 Q C in flowing 9% acetylene/N 2 
(150 cc/min) at atmospheric pressure f r several h urs. 
The samples were mounted on carbon grids for transmis- 



sion electron microscopy (TEM) examination. No collo- 
dion was used on the grid, since the powder proved to be 
self-supporting. Samples were examined on both JEOL 
100CX and JEOL 400EX electron microscopes. Some of 
the images obtained were computer processed in order to 
enhance the contrast 

High-resolution electron micrographs of Fe/graphite 
samples treated at 700 *C for relatively short period of 
time, less than an hour, indicate the formation of graphitic 
carbon around some metal particles [Fig. 1(a)]. In some 
instances the structure of this graphitic carbon corresponds 
to an spiral structure [Fig. 1(b)]. Most of the spirals are 
associated with Fe particles although a few structures not 
associated with particles were observed. The spiral charac- 
ter of this structure is demonstrated by the Fourier trans- 
form of its image [Fig. 1(c)]. This kind of structure ap^ 
pears to be closely related to - the Icosahedral spiral 
discussed by Kxoto and McKay. 11 It is interesting to note 
that in earlier reports, carbon structures corresponding to 
concentric circles were reported. 12 * 13 However, to our 
knowledge, this is the first time in which a spiral structure 
of this kind is reported for these carbon materials. 

As the acetylene decomposition reaction time is in- 
creased, carbon fibers start to grow and two main struc- 
tures are observed: an amorphous fiber structure indicated 
by letter A in Fig. 2); tubular fibers with crystalline struc- 
ture, (marked with letter B in Fig. 2) and additionally in 
minor proportion amorphous material as well as some gra- 
phitic structures are observed. The exact amount of each 
type of material will depend on the heating temperature 
and annealing time. In the conditions of the Fig. 2 up to 
65% of the carbon material formed corresponds to crys- 
talline tubular fibers. In the latter structure the twist fold- 
ing indicated by Iijima 3 is clearly seen. High resolution 
images of th crystalline tubes (Fig. 3) indicate that they 
correspond to the buckytubes reported by Iijima. 3 W have 
performed lectron diffraction experiments similar to the 
ones described in Ref. 3 that confirm that these tubes have 
a spiral structure. An example of a crystalline tube and its 
corresponding selected area diffraction pattern is shown in 
Figs. 4(a) and 4(b). The diffraction patterns can be in- 
dexed using {A01} and [M0] spots for hexagonal symme- 
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FIG. 1. (a) Formation of graphitic structures around metallic particles 
(arrow) which where formed by heating at 700 'Cduring 1 h.. (b) Spiral 
structure formed in some regions of the same sample (a), (c) Fourier 
transform of the previous spiral image. 




FIG. 2. Larger fiber structures formed uTa long heating period (5 h) at 
700 *C Two types of structure are seen. An amorphous fiber (marked 
with A) and a folded crystalline fiber (marked with B). 
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FIG. 3. High resolution image of a tube with characteristics similar to the 
ones described by lijima. The distance between planes corresponds to 
(00.2) planes of graphite. 

try. The fact that the patterns show strong (001) spots 
when the needle axis is perpendicular to the [001] supports 
the idea of a coaxial arrangement of graphitic tubes. In 
addition the { hkO j patterns show mnr mirror symmetry 
about the tube axis supporting the idea of a helix around 
the axis. This is consisting of a helical arrangement of 




FIG. 4. (a). Image of a tubular fiber with crystalline structure and (b) its 
corresponding selected area diffraction pattern showing a pattern which is 
consistent with a spiral structure. 
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FIG. 5. Image processing of a high resolution TEM image of an amor- 
phous looking fiber, (a) Original image, (b) crystalline portion of the 
image, and (c) the Fourier transform. 

hexagons around th axis. Therefore we are dealing with 
the fullerene tubes or buckytubes found by lijima. 3 

The amorphous looking fibers are however partially 
crystalline. This is clearly shown by imag processing of 



the high resolution images. Figure 5(a) shows a high res- 
olution image of this kind of fiber, this image can be de- 
con voluted. Image 5(b) shows the crystalline graphitic 
portion of the image. Although it is extremely difficult to 
make any quantitative statement about the degree of crys- 
tallinity it is clear that the fibers are not totally amorphous 
and have a basic graphitic structure. 

We noted that the amorphous fibers have an underly- 
ing graphitic structure that can be made apparent by image 
processing. Therefore, these fibers are a mix of graphitic 
and disordered structures. 

The catalytic method of growing the tubular version of 
fullerenes, buckytubes, allows us to produce tubes of up to 
50 jum in length, and typically ranging about 50-200 A in 
diameter, although tubes with diameters up to 500 A are 
often observed. The diameter of the tubes is controlled by 
that of the metal particle from which it starts growing. The 
length of the tubes depends on the reaction time, as long as 
the metal particle was not completely covered by a carbon 
deposit Iijima's method, arc-discharge evaporation of car- 
bon, produced tubes with similar diameters to ours, but 
much shorter in length, only up to 1 fim. 

We conclude that the catalytic method can produce 
tubes with fullerene structure with similar characteristics 
to that of the carbon-arc method described by lijima. 3 
However we distinguish two types of fibers the ones amor- 
phouslike, and the ones with a pure buckytube structure. 
We however, note that the amorphous fibers have an un- 
derlying graphitic structure which can be made apparent 
by image processing. Therefore, this kind of tubes is a 
mixing of graphitic type and a disorder structure. The 
present method of catalytic decomposition of carbon- 
containing gases oyer metal particle presents a number of 
advantages, such as better control of the dimensions of the 
microtubules, and the possibility of producing macroscopic 
size fibers. 
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